The macroscopic characteristics of a material are determined by its elementary excitations, which dictate the response of the system to external stimuli. The spectrum of excitations is related to fluctuations in the density-density correlations and is typically measured through frequency-domain neutron 1 or X-ray [2] [3] [4] scattering. Time-domain measurements of these correlations could yield a more direct way to investigate the excitations of solids and their couplings both near to and far from equilibrium. Here we show that we can access large portions of the phonon dispersion of germanium by measuring the diffuse scattering from femtosecond X-ray freeelectron laser pulses. A femtosecond optical laser pulse slightly quenches the vibrational frequencies, producing pairs of highwavevector phonons with opposite momenta. These phonons manifest themselves as time-dependent coherences in the displacement correlations 5 probed by the X-ray scattering. As the coherences are preferentially created in regions of strong electron-phonon coupling, the time-resolved approach is a natural spectroscopic tool for probing low-energy collective excitations in solids, and their microscopic interactions.
of the inelastically scattered photons from a highly monochromatic beam. As we demonstrate here in a single crystal of the prototypical semiconductor germanium, a femtosecond laser pulse generates temporal coherences in the equal-time correlation functions g (τ ) = u q u −q parameterized by the pump-probe delay τ between the optical pulse and the X-ray probe. As the X-ray pulse from the free-electron laser (FEL) is short compared with the vibrational motion, we assume that the scattering is effectively instantaneous. Under this approximation we measure g (τ ) stroboscopically, which unlike in the thermal case has an oscillatory contribution from a two-phonon squeezed state generated by the laser pulse, as well as a contribution from incoherent changes in populations 9 . In this paper we focus on the oscillatory component, which yields large portions of the phonon dispersion directly from the measurement without any particular model of the interatomic forces.
Consider a sudden change in the harmonic potential driven by excitation of electron-hole pairs by the laser pulse, which for tetrahedrally bonded semiconductors is expected to primarily soften the transverse acoustic modes [10] [11] [12] [13] . The evolution of a harmonic oscillator after a sudden quench of the frequency has been studied in the context of vacuum squeezing, as shown for photons 14 and phonons 15, 16 . This effect is formally equivalent to the dynamical Casimir effect 17 and its acoustic analogue in which a sudden quench of the sound velocity was shown to produce correlated pairs of phonons 18 , and is analogous to (spontaneous) parametric downconversion. Although our experiment was performed at room temperature, and the results are due to thermal rather than vacuum squeezing, we consider the zero temperature case for simplicity.
For oscillators with frequencies Ω q and mass m in the ground state, a sudden change in the frequency Ω q → Ω q at τ = 0 leaves each mode in a state where the variance in the displacement evolves according to 19 where β q = Ω q /Ω q > 1 for a sudden softening. This expression describes the evolution of correlated pairs of phonons at q and −q (ref. 20) . Accordingly, the diffuse scattering intensity oscillates at 2Ω , with an amplitude proportional to 1 − β 2 q . In the limit of low-density excitation, the frequencies will approximate the equilibrium values, and thus the Fourier transform of the oscillatory component should give the phonon dispersion. At finite temperatures, equation (1) contains an additional thermal factor 20 . We emphasize that the excitations described above have u(τ ) = 0 and thus are squeezed states and not coherent states. This is expected because the small wavevector of the visible light cannot impart enough momentum to the lattice to generate coherent phonons at large q and thus can generate only pairs of phonons with equal and opposite momenta 15 . In our case, the softening is expected to occur for all q and be particularly strong at the Brillouin zone boundary 12, 13 . The experiments were performed at the Linac Coherent Light Source (LCLS) X-ray FEL using nominally 50 fs, 1.55 eV pump pulses and 50 fs, 10 keV X-ray probe pulses (see Supplementary Information for details). In Fig. 1a we plot a portion of the equilibrium X-ray diffuse scattering, without laser excitation, from a single crystal of germanium at grazing incidence, captured with an area detector. The signal is proportional to the energy-integrated dynamic structure factor, S(Q), as the detector lacks energy resolution. The bright areas correspond to regions of reciprocal space with low-frequency acoustic phonons that contribute strongly to the equilibrium diffuse scattering 9, 21 . Figure 1b shows the simulated thermal diffuse scattering from a Born-von Karman model of the forces including interactions up to six nearest neighbours [22] [23] [24] (see Supplementary Information for additional details). This simple model describes well the phonon dispersion including the flattening of the transverse acoustic branches 25 . The calculated pattern matches the measured diffuse scattering extremely well. The white solid contours in Fig. 1b represent the boundaries of the Brillouin zones accessible in this geometry, and we have also indicated the respective Miller indices. Figure 1c shows the evolution of the change in normalized diffuse scattering intensity I (τ )/I max ∝ g (τ ), induced by photoexcitation with a 50 fs infrared laser pulse centred at 800 nm. The two curves show the time traces for the two points labelled u and v in Fig. 1a , normalized by the maximum of the laser-off image. Photoexcitation induces an overall step-like increase in the scattering whose magnitude depends on momentum, and oscillations at frequencies in the range of 1-3.5 THz. In our case, |1 − β 2 q | ≈ 0.05 and thus Ω q /Ω q ≈ 1.025, such that the expected frequency difference is close to the resolution limit of ∼0.05 THz given by the finite time window in these data. Consistent with bond softening the mean square displacements (and thus the scattering) increases during the first quarter cycle. The sharpness of the initial step and the highest frequency observed ∼3.5 THz were limited by the timing jitter in the pump-probe delay ∼250 fs (ref. 26) .
For better sensitivity to the oscillatory signal we filtered the slowly varying background from the raw data. Figure 2a shows representative frames of the obtained oscillatory component in the (022) Brillouin zone. The data for zone (113) show qualitatively similar results but for a different slice of reciprocal space. The red (blue) regions in this figure represent an increase (decrease) in the intensity relative to the subtracted average. The fringes in qspace seen here originate from phonons with different frequencies across reciprocal space, which have phase coherence due to the sudden frequency softening. The traces in Fig. 2b show some of these oscillations for a few wavevectors along the u-v segment in Fig. 1a . Movies of the raw and filtered data are available in the Supplementary Information.
In Fig. 3 , we show an expanded view at selected frequencies of the Fourier transform along the time axis of the oscillatory component in Fig. 2 (top and bottom rows represent regions in squares 1 and 2 in Fig. 1a, respectively) . The value of each pixel is the magnitude of the Fourier transform at a given frequency of traces such as those shown in Fig. 2b . The bright loops appear at locations in momentum space where the intensity oscillates at the same frequency. These contours (Fig. 3) represent constant-frequency cuts of the phonon dispersion relation as depicted schematically in Fig. 4a . The differences between the data in the two regions in Fig. 3 are due to the different reciprocal space areas sampled by the two Brillouin zones and thus originate from different phonon modes. The data in Fig. 3 show two bands, seen more clearly in the bottom row plots, which correspond to the two transverse acoustic branches, with pinch points where the bands are degenerate along high-symmetry directions. Their intensity depends on the amplitude of the coherent mean squared displacements, as well as their projection along Q.
Finally, Fig. 4c,d shows the extracted dispersion relation along the directions indicated by the dashed lines in Fig. 4b . Here the phonon frequency is Ω ≈ Ω = ω/2 according to equation (1) . Again we stress that we have not relied on any model of the interatomic forces to extract the phonon frequencies. For comparison, the white lines in Fig. 4c,d show the calculated equilibrium dispersion. Note that within our experimental sensitivity we pick out only the transverse acoustic phonon branches and not the longitudinal acoustic branch. (At present the time resolution is not high enough to resolve either optical phonon branch.) This is to be expected as the excitation of carriers reduces the strength of the covalent bonds that give rise to the shear stability in the tetrahedrally bonded semiconductors. Otherwise, the discrepancies are small and could be due to systematic errors in determining the sample orientation or the forces as much as changes in the excited-state forces. The curvature of the branches is due to our particular geometry, which results in a non-planar section of reciprocal space. The flat spectral components at lower frequencies are probably due to fluctuations of the FEL that were not removed by our background subtraction. The sample was oriented far from the zone-centre (q = 0) to avoid strong Bragg reflections on the detector, particularly given the large wavelength fluctuations of the FEL. We note that the present experiment was limited by the FEL and laser parameters as well as detector performance as available shortly after hard X-ray operations of the LCLS commenced. Recently, self-seeded operation of the LCLS has been demonstrated 27 . This provides better X-ray pulse stability yielding better momentum resolution, lower noise, and the narrow bandwidth will allow sampling closer to q = 0. In addition, a new single-shot timing diagnostic has been reported that mitigates the loss in temporal resolution due to timing jitter between the optical and X-ray lasers 28 . This enables the observation of faster oscillations and thus higher-frequency excitations limited by the pump and probe pulse duration. We further note that the FEL can operate with pulses down to a few femtoseconds long, and optical lasers with pulse durations in the few tens of femtosecond range are readily available. These improvements will allow access to high-frequency optical phonons modes in the >10 THz range such as those in many complex oxide materials.
The induced temporal coherences in the density-density correlations observed here are a consequence of a sudden change in the interatomic potential. These coherences span the entire Brillouin zone but will be favoured in regions where the resultant (real or virtual) charge-density couples strongly to the phonons. For example, it will be particularly strong in regions of enhanced electron-phonon coupling and could find broad use in the study of the coupled degrees of freedom in complex materials. We further stress that, far from equilibrium the pump-probe approach gives unique access to the phonon excitations and their interactions in the short-lived transient state.
